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Abstract Tropical cloud regimes defined by cluster
analysis of International Satellite Cloud Climatology Pro-
ject (ISCCP) cloud top pressure (CTP)—optical thickness
distributions and ISCCP-like Goddard Institute for Space
Studies (GISS) general circulation model (GCM) output
are analyzed in this study. The observations are evaluated
against radar-lidar cloud-top profiles from the atmospheric
radiation measurement (ARM) Program active remote
sensing of cloud layers (ARSCL) product at two tropical
locations and by placing them in the dynamical context of
the Madden—Julian oscillation (MJO). ARSCL highest
cloud-top profiles indicate that differences among some of
the six ISCCP regimes may not be as prominent as sug-
gested by ISCCP at the ARM tropical sites. An
experimental adjustment of the ISCCP CTPs to produce
cloud-top height profiles consistent with ARSCL elimi-
nates the independence between those regimes. Despite
these ambiguities, the ISCCP regime evolution over dif-
ferent phases of the MJO is consistent with existing MJO
mechanisms, but with a greater mix of cloud types in each
phase than is usually envisioned. The GISS Model E GCM
produces two disturbed and two suppressed regimes when
vertical convective condensate transport is included in the
model’s cumulus parameterization. The primary model
deficiencies are the absence of an isolated cirrus regime, a
lack of mid-level cloud relative to ARSCL, and a tendency
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for occurrences of specific parameterized processes such as
deep and shallow convection and stratiform low cloud
formation to not be associated preferentially with any
single cloud regime.
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1 Introduction

Errors in cloud feedback estimation in general circulation
models (GCMs) are associated with both incorrect occur-
rences of different cloud regimes and errors in the cloud
properties within these regimes. Evaluations of clouds in
the GCMs have been done recently using the concept of
regimes that are either dynamically based (e.g. Bony et al.
2004; Norris and Weaver 2001) or cloud property based
(e.g. Williams et al. 2005; Gordon et al. 2005). It is
important, however, to understand the limitations of
observations before evaluating GCMs using them.

The k-means clustering method was first applied to 1 year
of International Satellite Cloud Climatology Program
(ISCCP) D1 joint histograms of cloud top pressure (CTP)
and optical thickness by Jakob and Tselioudis (2003, here-
after JTO3) to identify 4-5 major cloud regimes in the
Tropical Western Pacific region (TWP). Jakob et al. (2005)
further discussed the cloud, radiative and thermodynamic
properties within those cloud regimes based on 2 years of
data. Rossow et al. (2005) extended the study to the whole
tropics within £15°N latitude using 21.5 years of data, and
identified six distinct so-called weather states. Recent results
from CloudSat data show some consistency with this clas-
sification of six weather states (Zhang et al. 2007). With the
development of the ISCCP simulator (Klein and Jakob 1999;
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Webb et al. 2001), this clustering approach has been further
applied to GCM output and as a tool to evaluate the per-
formance of GCM cloud parameterizations (e.g. Gordon
et al. 2005; Williams and Tselioudis 2007, hereafter WT07).

Drawing conclusions from such model-data comparisons
is not straightforward, however. For example, Zhang et al.
(2005) show that GCMs uniformly underpredict mid-level
top clouds relative to ISCCP. However, passive remote
sensing approaches are known to incorrectly locate cloud
top in the presence of errors in the input temperature and
moisture profiles and in multilayer cloud situations (Wang
al. 1999; Chang and Li 2005; Del Genio et al. 2005). Con-
sidering that the ISCCP histograms are now being used to
make inferences about climate sensitivity (Murphy et al.
2004; WTO07), it is necessary to understand the impact of the
limitations of ISCCP on the cloud regimes derived from it.
Second, the weather states are inferred from cloud properties
but tend to be associated with specific dynamic phenomena.
Before interpreting model-data discrepancies in terms of any
particular physical process (e.g. convection), it would be
useful to see how well these processes actually correspond to
the cloud regimes that are supposed to represent them.

To achieve this, we attempt in this paper to put the observed
tropical cloud regimes into perspective in two ways. First, we
evaluate the ISCCP tropical cloud regime classification
against active remote sensing cloud profiles at Tropical West
Pacific (TWP) locations. Second, we evaluate the ability of
the ISCCP cloud regime classification to capture well-docu-
mented dynamical variations of cloud structure associated
with the Madden—Julian Oscillation (MJO; Madden and
Julian 1971, 1994; Stephens et al. 2004; Lau and Waliser
2005; Zhang 2005; Benedict and Randall 2007). Then finally,
we examine the performance of the Goddard Institute for
Space Studies (GISS) GCM’s simulation of cloud regimes,
including physical processes associated with each regime, and
discuss the possible reasons behind the differences between
observed and modeled cloud regimes.

The paper is organized as follows. The observations,
GISS GCM, and clustering method used to define the cloud
regimes are described in Sect. 2. The results from the
observational analyses are presented and discussed in
Sect. 3 followed by those from the GISS GCM in Sect. 4.
Section 5 summarizes our results and conclusions.

2 Data, model and methodology
2.1 Data sources

2.1.1 ISCCP DI 3-hourly CTP-TAU histograms

The ISCCP D1 product (Rossow and Schiffer 1999) gives
joint histograms of CTP and cloud optical thickness (TAU)
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occurrence distributed in six TAU and seven CTP cate-
gories every 3 h within a 2.5°x 2.5° grid box. Its coverage
is limited to sunlit points. Ideally, the CTP-TAU histogram
gives a distribution of the highest cloud tops. In reality,
limitations of the algorithm and input datasets introduce
uncertainties in CTP in situations with optically thin or
multiple-layer clouds present. The algorithm classifies thin
clouds whose top cannot definitively be located as thin
cirrus.

2.1.2 ARSCL cloud top and base measurements
at the TWP sites

The active remote sensing of cloud layers (ARSCL)
product (Clothiaux et al. 2000) provides cloud top and base
measurements from millimeter cloud radar, micropulse
lidar, and ceilometer instruments at the atmospheric radi-
ation measurement (ARM) Program’s TWP sites on Manus
and Nauru Islands. ARSCL data provide a detailed cloud
vertical distribution with a vertical resolution of 45 m, and
temporal resolution of 10 s. In this paper, this data set is
binned into 30-min intervals at the ISCCP vertical resolu-
tion, which then is used to calculate the distribution of
highest cloud tops over a 3-h period coincident with
ISCCP. To obtain the actual cloud fraction as a function of
height during the same 3-h period, we separately bin the
original dataset at 30-min temporal resolution and 250 m
vertical intervals, then obtain the all-height cloud profiles.

Other ARM products at the TWP used in this study are
surface precipitation and sounding profiles for relative
humidity, pressure, temperature and altitude.

2.1.3 MJO index

An MJO index is used in this study to estimate the date
(in pentads) that the peak of an MJO event passes dif-
ferent longitudes. The index is based on extended
empirical orthogonal function analysis of 200 hPa velo-
city potential anomalies. It has ten components centered at
20°E, 70°E, 80°E, 100°E, 120°E, 140°E, 160°E, 120°W,
40°W and 10°W, respectively. Negative (positive) values
represent enhanced (suppressed) convection. We consider a
strong MJO event to be one with a negative index <—1.
The index is available from the National Oceanic and
Atmospheric Administration’s Climate Prediction Center
(http://www.cpc.noaa.gov/products/precip/CWlink/daily _
mjo_index/pentad.html).

2.2 GISS global climate model description
We use the GISS Model E GCM described in Schmidt et al.

(2006) but with an updated moist convection scheme
including diagnosed updraft speeds and entrainment rates


http://www.cpc.noaa.gov/products/precip/CWlink/daily_mjo_index/pentad.html
http://www.cpc.noaa.gov/products/precip/CWlink/daily_mjo_index/pentad.html
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(Del Genio et al. 2007) and vertical convective condensate
transport. We run Model E at a horizontal and vertical
resolution of 2°x 2.5°x 32 L. The simulation is forced by
observed sea surface temperature and sea ice cover from
the Hadley Center for Climate Prediction and Research
(Rayner et al. 2003) for the period December 1998 to
December 2003. Diagnostics for this study include
3-hourly ISCCP-like CTP-TAU histograms using the
ISCCP simulator (version 3.5; Klein and Jakob 1999;
Webb et al. 2001) with a mixed maximum-random overlap
assumption, shallow and deep convection occurrence, and
stratiform cloud occurrence and cover at each half-hour
model physics time step.

The Model E cumulus parameterization uses an updraft
mass flux closure that produces neutral buoyancy at cloud
base. The mass flux is partitioned into two plumes that
entrain at different rates based on buoyancy and updraft
speed. Detrainment occurs at the level of neutral buoyancy.
Convective motions transport momentum from their level
of origin via a simple down-gradient momentum-mixing
scheme. Convective cloud cover is classified as shallow if
the top of the cloud is below the 700 mb level, which is
within the two lowest intervals of the ISCCP CTP distri-
bution, and as deep if the thickness of the cloud is larger
than 450 mb.

In the model version used by Del Genio et al. (2007),
convective condensate is partitioned into precipitating and
detraining parts by dividing an assumed Marshall-Palmer
drop size distribution into parts for which fallspeeds do or
do not exceed the local updraft speed. For the run described
in this paper, only particles with fallspeeds close enough to
the updraft speed to remain in each layer detrain there;
those with greater speeds precipitate as before, while those
with smaller fallspeeds are advected up to the next model
layer.

The stratiform cloud scheme diagnoses cloud fraction
based on relative humidity and stability and divides the
non-convective portion of a grid box into cloudy and clear
parts with different relative humidities. Cloud water con-
tent is prognostic, including simple representations of all
microphysical processes (autoconversion, accretion, Ber-
geron—Findeisen diffusional growth, evaporation, cloud-
top entrainment). TAU is diagnosed from the cloud water
path assuming different fixed particle number concentra-
tions for continental liquid, ocean liquid, and ice clouds.

2.3 Cluster analysis method

A k-means clustering algorithm (cf. Anderberg 1973) is
applied to 3-hourly ISCCP CTP-TAU histograms. In this
study, a data unit refers to a 42-element vector in a CTP—
TAU joint distribution histogram. The number of clusters,
k, is specified at the beginning of the algorithm. The initial

cluster centroids are chosen randomly from the data set.
Iteratively, the algorithm optimizes the centroids by mini-
mizing the sum of within-cluster distance to the centroids.
At each step, the algorithm assigns each data unit to the
cluster with the nearest centroid as measured by the
Euclidean distance. A new set of centroids is generated at
the end of each iteration. Since k-means cluster analysis is
sensitive to initial seeds, especially if outliers exist, the
process is repeated 40 times (100 times for the GCM,
whose gridboxes contain less information than an instan-
taneous ISCCP histogram) to ensure a dominant set of
cluster patterns.

In practice, we remove completely clear-sky data units
before clustering because as suggested by WTO7, this helps
with the stability of the GCM clusters and has little effect on
the ISCCP clusters. We analyze only 5 years of ISCCP data
and GCM simulations (1999-2003) instead of the full
21.5 years of data analyzed by Rossow et al. (2005). WTO07
have shown that this choice makes little impact on the results.

Empirical approaches to determine the final set of clus-
ters were described in previous studies of clustering of
ISCCP DI histograms (e.g. JTO3; Rossow et al. 2005;
Gordon et al. 2005; WTO07). We follow the process descri-
bed by WTO07 to judge the outcome, starting with the number
of assumed clusters as 2, and then increasing the number
until the criteria are no longer met. Specifically, the criteria
include: the correlation between any two resulting cluster
centroids must be less than 0.9; the least common cluster
must have a relative frequency of occurrence (RFO) of at
least 3.5%; the final set of clusters has to appear more than
half the time in the repeated analysis. Some clusters with
similar characteristics are subjectively combined at the end
of the process to focus on a set of “principal cloud regimes”
that can be directly compared with those of WTO7.

3 Observed tropical cloud regimes

In this section, we show the results from cluster analysis on
ISCCP 3-hourly CTP-TAU histograms from 1999 to 2003
over 15°N-15°S. This is the same latitude band analyzed
by Rossow et al. (2005). Expansion of the study regions to
higher latitudes (WTO07) produces similar clusters except
for the addition of a distinctly extratropical frontal cluster.
After identifying the cloud regimes, we further examine the
cloud vertical distribution for each cloud regime using
ARSCL measurements. We then discuss how the cloud
regimes evolve over different phases of the MJO.

3.1 Regimes from ISCCP D1 data

Analysis of ISCCP histograms yields a set of seven clusters
in 68% of the 40 repetitions, with an additional
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stratocumulus cloud regime compared to that in Rossow
et al. (2005). We combined these two stratocumulus
regimes because of the similarity of their CTP-TAU histo-
grams, cloud cover, and geographical distributions.
Figure 1 shows the final set of six centroid histograms,
with the corresponding geographic map of the frequency of
occurrence for each cluster in Fig. 2. As in Rossow et al.
(2005), clusters C1-C4 correspond to regimes dominated
by deep convective clouds, cirrostratus anvils, mid-level
cumulus congestus, and isolated cirrus, respectively, which
all occur preferentially in the Intertropical Convergence
Zone (ITCZ) and South Pacific Convergence Zone (SPCZ).
The other two clusters represent suppressed cloud regimes:
shallow trade cumulus over the central/east Pacific, and
marine stratocumulus off the west coast of South America.

To check how representative these tropical regimes are
of conditions at the TWP sites, the mean histogram for
each cluster is constructed by averaging all available histo-
grams at the grid box containing a given TWP site. The
main features of the joint CTP-TAU distribution are
retained at the TWP sites, but the RFOs differ (figure not
shown). The first five regimes occur with roughly equal
frequency at Manus while the stratocumulus regime is very
infrequent, unlike the behavior of the tropics as a whole. At
Nauru, the cirrus regime (cluster 4) occurs more often than
for the tropics as a whole. The correlations between pairs
of histograms of cloud regimes C2—C6 increase slightly at
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Manus and Nauru compared to those for the whole tropics,
especially that between C3 and C4, which exceeds 0.9.
This suggests that C3 and C4 are no longer independent
regimes at the two TWP sites. This result is consistent with
previous studies (JTO3, Jakob et al. 2005) using ISCCP
data only from the TWP region for cluster analysis, which
found either four or five independent regimes.

5 10 15 20 30 40

Fig. 2 The corresponding geographic distribution maps of the
frequency of occurrence for each cluster in Fig. 1
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3.2 Vertical cloud distribution of TWP cloud regimes

In this section, the cloud vertical structure for each cloud
regime is examined at Manus and Nauru using ARSCL
cloud profiles. For the grid box containing a TWP site, we
obtain a time series of ISCCP cluster indices from the
tropics-wide clusters. A 3-hourly ARSCL profile created
from the 30-min binned cloud counts from lidar/radar
instruments is assigned to the relavent ISCCP cluster. Then
the mean ARSCL profile for a given regime is obtained by
averaging within each cluster. First we examine the dis-
tribution of ARSCL highest cloud-tops only, which is the
primary control on longwave cloud forcing and comparable
to what ISCCP sees. Next, we extend the analysis to con-
struct all-level cloud profiles like those in Jakob et al.
(2005) and Gordon et al. (2005). Finally we divide the
ISCCP histograms at Manus and Nauru into two sub-
groups: cases when ISCCP agrees with ARSCL (to within
10% in cloud fraction in every layer) and cases when they
disagree. Then we examine the differences between those
two subgroups in each cloud regime.

Figures 3 and 4 show the time mean vertical distribution
of the highest cloud-top for each cloud regime at Manus
and Nauru from ARSCL (solid lines) and ISCCP (dashed
lines) data. ARSCL highest cloud-tops occur most often at
11-15 km in all regimes. ISCCP cloud-top profiles differ
more between cloud regimes than do those for ARSCL.

Fig. 3 Mean highest cloud-top C1

There is a much higher percentage of mid-level cloud-tops
in less disturbed and more suppressed conditions (e.g. C3
and C4), while low cloud occurrence is underestimated,
especially at Nauru. The percentage of high clouds in the
cirrus regime (C4) is overestimated as well. For the trade
cumulus and stratocumulus regimes (C5 and C6), ISCCP
misses the high altitude peak.

A few factors may contribute to these discrepancies.
One is the choice of comparing ARSCL profiles with IS-
CCP clusters obtained from tropics-wide clustering, This
may partially explain the similarity between C3 and C4,
which are not always separated clusters when ISCCP data
over only the TWP are clustered (JT03, Jakob et al. 2005).
Another is the additional TAU information in ISCCP data
but missing from ARSCL. However, the discrepancies also
partially arise from incorrect input temperature and
humidity profiles, and from overlapping cirrus and low
clouds that ISCCP cannot distinguish (Wang et al. 1999;
Chang and Li 2005; Del Genio et al. 2005). The ISCCP
mid-level cloud bias is of particular interest. For example,
Zhang et al. (2005) conclude that all GCMs underestimate
mid-level clouds based on ISCCP. Of greater concern,
perturbed parameter ensemble simulations use agreement
with ISCCP histograms as one metric for weighting climate
sensitivity estimates (Murphy et al. 2004). WT(07 also
propose constraining the variation in climate sensitivity
among models by evaluation of the present-day cloud

C2 C3

vertical profiles from ARSCL 20
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histograms (dashed) for each
cloud regime at Manus. A mean
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Fig. 4 As in Fig. 3 but at C1

C2 C3

Nauru 20

Height (km)

Height (km)
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Cloud Cover (%)

regimes in GCMs against ISCCP. In principle the ISCCP
simulator should handle these situations, but only limited
tests have been performed (Del Genio et al. 2005). Finally,
Figs. 3 and 4 raise the possibility that ISCCP cluster sepa-
ration may be partly an artifact of its retrieval limitations,
since the ARSCL profiles are so similar for each cloud
regime.

To gain further insight into this question, we examine
the all-level cloud profiles for each regime at Manus and
Nauru (Fig. 5). The results agree well with those in Jakob
et al. (2005, Fig. 4), which are based on only 17 months
of data, with the exception that the peak in low-level
cloud in the deep convection regime (Cl) is more
prominent here. The large amount of cloud cover below
about 5 km is itself partly biased due to the ambiguity of
the cloud radar retrieval when precipitation is occurring.
As mentioned in Jakob et al. (2005), the low level cloud
fraction seen by cloud radar increases when the cloud
regime shifts to more convectively active states, while it
decreases in passive satellite measurements (e.g. ISCCP)
because of their inability to penetrate the optically thick
clouds to detect low-level clouds. Notably, though, all
regimes except shallow cumulus (CS5) contain significant
middle-level cloud, although these may be a mix of
cumulus congestus and deeper clouds. The C3 and C4
profiles are quite similar, the latter having slightly more
and higher high cloud.
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Fig. 5 Mean ARSCL cloud fraction profiles at 250 m resolution for
each ISCCP cluster at Manus (upper panels) and Nauru (lower
panels). The left panels represent the disturbed states (C1, C2, C3)
and the right panels the suppressed states (C4, C5, C6)
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Based on the differences between the instantaneous
ARSCL and ISCCP cloud-top profiles used to create
Figs. 3 and 4, we divide the histograms at Manus and
Nauru into two groups: cases when ARSCL and ISCCP
agree (i.e., differences at all levels are less than 10%), and
cases when at least at one level they disagree by more than
10%. Only results for regimes C1-C4 are shown (Fig. 6)
because the two datasets always disagree in the shallow
cumulus regime while the stratocumulus regime occurs
very infrequently.

In general ISCCP is most accurate when either con-
vection penetrates often to the highest level (C1) or when
cirrus are detected most often near the tropopause (C2, C4).
Disagreements tend to occur when ISCCP detects more
clouds of low to mid-range optical thickness (C1-C3),
which may reflect biases due to partly cloud-covered pix-
els. The Euclidean distances between the clusters that agree
versus disagree with ARSCL (Table 1) are greatest for the
most disturbed states (11-18%); these can be considered
crude retrieval error bars for our assessment of GCM cloud
regimes in Sect. 4.

Figure 6 indicates that errors occur preferentially at
different optical thicknesses for different cloud regimes.
Bearing this limitation in mind, we create synthetic “cor-
rected” ISCCP histograms by uniformly adjusting the CTP
distributions in all TAU categories to be consistent with the

Table 1 Euclidean distance (%) between the mean ISCCP CTP-
TAU histograms for cases whose highest cloud-top heights agree with
ARSCL and for those that disagree at Manus and Nauru for each
cluster

TWP sites Cluster

Cl1 Cc2 C3 C4 C5 Co6
Manus 17.8 16.4 5.3 9.1 - -
Nauru 13.2 10.9 8.9 8.9 - 7.5

ARSCL cloud-top profiles. The adjusted regime histograms
for Manus (not shown) indicate that regimes C2, C3, and
C4 are now quite similar to each other. The correlations
exceed 0.9 between C4 and C2 and between C4 and C3 at
Manus, and between C4 and C3 at Nauru. We also applied
a similar correction based on the averaged differences at
Manus and Nauru to the histograms for the entire tropics in
Fig. 1 (not shown). Again C3 and C4 are no longer inde-
pendent of each other with a correlation larger than 0.9.
This indicates a potential uncertainty in the classification of
C2, C3 and C4 as independent regimes. The high correla-
tions suggest that subtle optical thickness differences
(apparently smaller than the width of an ISCCP TAU bin)
between these regimes are manifested primarily by their
effect on the ISCCP retrieval of CTP.
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Fig. 6 Differences in CTP-TAU histograms for each cloud regime
between cases when ISCCP and ARSCL disagree minus those for
cases when they agree. The solid line is the vertically summed
difference for each ISCCP TAU interval (scale given in percent on the

right ordinate). Upper panel is for Manus, and bottom is for Nauru.
Negative values mean that ISCCP underestimates the given cloud

type
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Fig. 7 Mean highest cloud-top
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3.3 Regimes from ARSCL profiles

To further explore the independence of clusters, we apply
the same clustering algorithm directly to the ARSCL cloud
top height profiles. We first aggregate the ARSCL highest
cloud-top profiles at 3-hourly temporal resolution and 2 km
vertical resolution from 1999 to 2003 at Manus and Nauru.
Then we cluster all available profiles, as well as daytime
only profiles that match the times of ISCCP retrievals.

Figure 7 shows the ARSCL clusters at Manus (upper
panel) and Nauru (lower panel). Four independent clusters
are obtained at Manus, in ~2/3 of the repetitions. The
dominant cluster (Al) has a peak around 13 km, and the
second most frequent cluster (A4) is a suppressed low-
cloud regime. Another regime with high cloud-top clouds
(A2) peaks at around 11 km, along with a real middle-level
cloud regime (A3) occurring about 11% of the time (which
is less frequent than ISCCP C3). This is consistent with
previous inferences of a trimodal distribution of tropical
convective cloud tops (Johnson et al. 1999). The middle-
level cluster occurs in only ~ 1/3 of the repetitions when
daytime-only data are analyzed, replaced instead by a third
high cloud cluster with tops at 15 km.

At Nauru, clustering all or daytime only ARSCL data
both yield a dominant set of three clusters (Fig. 7 lower
panel). A regime of high-top clouds (Al) with peaks at
about 13 km occurs about as frequently as the sum of C1
and C2. A second regime with double peaks and low cloud
fraction at all levels (A2) occurs about as often as the
combination of C3 and C4 at Nauru. A low-cloud regime
(A3) occurs roughly as frequently as C5 and C6 combined.
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Figure 8 shows the RFO for these ARSCL clusters in
each ISCCP cluster and vice versa. At Manus, the highest
altitude ARSCL cluster (Al) dominates the disturbed
ISCCP states C1 and C2, while the low cloud cluster (A4)
is prevalent in the other four ISCCP states, especially the
highly suppressed C5. The mid-level ARSCL cluster (A3)
does occur often with ISCCP C3 but also with ISCCP C1.
Notably, the most highly correlated ISCCP clusters at
Manus (C3 and C4) have the most similar associations with
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Fig. 8 Relative frequency of occurrence (RFO) of ARSCL clusters in
each ISCCP cluster (upper panel) and vice versa (lower panel). The
left column is for Manus and the right column for Nauru. Upper panel
colors from red to green represent ARSCL clusters A1-A4. Lower
panel colors from red to violet represent ISCCP clusters C1-C6
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ARSCL clusters, dominated by A4 and Al in each case.
This reinforces the idea that subtle differences in TAU that
affect the ISCCP retrieval of CTP are the primary dis-
tinction between C3 and C4. At Nauru (right column),
ARSCL clusters Al and A2 dominate the more disturbed
regimes, while the low cloud cluster A3 is most prevalent
in the suppressed regimes C5 and C6. Consistently, A3
mostly consists of ISCCP cluster C5. At Nauru as at
Manus, C3 and C4 have similar relative occurrences of the
ARSCL clusters.

3.4 Tropical cloud regime shifts in the context of MJO

A different perspective on the question of the independence
of the ISCCP cloud regimes can be obtained by placing
them in a dynamical context. The MJO provides an
excellent setting for this. Previous studies document the
systematic progression from suppressed conditions domi-
nated by shallow convection and a dry troposphere,
through a gradual tropospheric moistening phase, to the
outbreak of widespread deep convection, followed by

Fig. 9 Hovmoller diagram of
daily averaged a ISCCP and b
GCM cloud regime indices from
November 2000 to April 2001
in the region 60°E~180°E
longitude for the latitude band
0°-2.5°N. Corresponding colors
from red to violet refer to the
cloud regimes from C1 to C6 in
the left column, and from MC1
to MC4 in the right column
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decaying anvil clouds and upper level heating, and a final
stabilization during the westerly wind burst period when
dry subtropical intrusions once again suppress deep con-
vection (Maloney and Hartmann 1998; Stephens et al.
2004; Kiladis et al. 2005; Tian et al. 2006b; Benedict and
Randall 2007). We average ISCCP cluster information into
daily (sunlit only) indices at each grid box for a latitude
band centered at 1.25°N from 60°E to 180°E. Then we
construct a Hovmoller diagram of cluster occurrence in all
boreal winter months (November—April) for 2000-2001.
The results are shown in Fig. 9a for the six ISCCP cloud
regimes, color-coded from red to violet corresponding to
clusters C1-C6. Eastward propagation of the deep con-
vection regime (red) with a period of ~30 days is clearly
visible, suggestive of the MJO, with weaker westward
propagating components existing at times as well. The
sequence at some locations and times suggests a transition
from suppressed (blue) to mid-level (yellow) to deep
convective and anvil (red, orange) regimes, as envisioned
in the discharge-recharge mechanism of tropospheric
moisture pre-conditioning of MJO onset (Bladé and
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Hartmann 1993), with anvils and suppressed cloud regimes
appearing after deep convection decays. Hovmoller dia-
grams for other boreal winter months during our study
period of 1999-2003 give us similar results (not shown).
The timing of the cloud regime propagation is consistent
with that of MJO events given in Tian et al. (2006a).

To validate the visual indications from the Hovmdller
diagram, we further construct composite RFO bar-charts
for each regime using 3-hourly ISCCP cluster indices at
seven lag periods in pentads. The regions from 60°E to
180°E within £5°N are divided into six longitude zones of
20° with center longitudes the same as those used for the
MJO index. The peak phase of MJO events is determined
near the center longitude of each zone approximately based
on negative maxima of the MJO index described in
Sect. 2.1.3. Lag O refers to a period of +2.5 days around
the peak phase. Negative lag is defined as the longitude
zones east of the MJO peak, i.e., preceding it in time. We
select the eight strongest out of 11 MJO events detected by
Tian et al. (2006a) during 1999-2003 for analysis. The
composite only includes longitude bands of each MJO
event at which the negative maximum is <—1.

The composite cluster RFOs as a function of MJO phase
are presented in Fig. 10. The RFOs of the deep convective
(Cl1, red) and the anvil (C2 orange) regimes increase sig-
nificantly approaching the peak phase of MJOs, and reach
their maxima at the peak phase. After the peak, the
occurrence of deep convection decreases immediately
while the anvil regime remains for another 5 days or so
(lag 1), and decreases gradually afterwards. The mid-level
congestus (C3, yellow) and shallow cumulus (C5, blue)
regimes dominate several weeks before the MJO peak,
decreasing (increasing) before (after) the peak. The shallow
cumulus regime decreases more rapidly; by lag —2 the
congestus regime is prevalent. The RFO of the cirrus
regime (C4, green) is almost constant with MJO phase,
suggesting that the presence of isolated cirrus in this

RFO (%)

-3 =2 -1 0 1 2 3
Lag in pentads

Fig. 10 Relative frequency of occurrence (RFO) of each cloud
regime at seven lag periods in pentads of eight MJO events in 4
November—April periods from 1999 to 2003. The color scheme for
the cloud regimes is the same as in Fig. 9
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tropical region is ubiquitous and not associated with con-
vective activity.

The coherent progression of the ISCCP regimes is
generally consistent with that seen by Benedict and Randall
(2007) and suggests that despite the biases discussed in the
previous section, the ISCCP histograms do provide inde-
pendent cloud regime information about six apparently
distinct weather states. In particular, the MJO dependence
of C3, which is out of phase with C2, versus the MJO-
independent behavior of C4 contrasts with the high corre-
lations we find among these regimes when their CTPs are
adjusted to match ARSCL. We return to this issue in
Sect. 5.

ARSCL provides another source to study the change of
cloud structure in the context of MJO. Similar to the way
we constructed Fig. 10, we average the available ARSCL
vertical cloud profiles during each lag period. Due to
missing data in ARSCL, we have to include some weaker
MJOs so that we can get as much valid data as possible for
all lag periods at Manus. Based on all available ARSCL
data we plot the mean vertical cloud profiles in Fig. 11a at
each lag. Shape changes in the cloud profiles are clearly
seen. A trimodal profile of shallow, mid-level, and cirrus
clouds exists 15 days before the peak phase (lag —3). Then
from 10 days (lag —2) to 5 days before (lag —1), cloud
cover increases and shifts from middle to high levels. At
and just after the peak phase, convectively active cloud
regimes appear to dominate, with higher tops and greater
cloud cover at all levels. Then the cloud cover at all levels
rapidly decreases, and the profile has a bimodal distribution
of clouds by lag +2. This is the most suppressed MJO phase
at Manus; at lag +3, clouds at all levels increase signifi-
cantly again. The details change depending on how many
events are included, and Manus is only a single point with
limited data available during MJO periods, but the change
in the shape of vertical cloud profile is generally in support
of the regime shifts shown in Fig. 10.

Precipitation (Fig. 11b) and relative humidity (RH,
Fig. 11c) anomalies at Manus during the MJO phases are
in general also consistent with the regime shifts shown in
Fig. 10. There is a sharp increase in precipitation at the
peak of the MJO, then a more gradual decrease after-
wards. RH is anomalously dry in the middle and lower
troposphere two pentads before the MJO peak and then
increases 5 days before the peak. The moistening spreads
upward through the troposphere at the peak and continues
to lag 1. At the same time, there is a slight decrease at the
lower atmosphere. Finally at lag 2, an abrupt drop in RH
appears through most of the troposphere. The drying after
the peak phase agrees well with Benedict and Randall
(2007), but the pre-conditioning of moisture before the
peak only produces mean RH conditions in our anomaly
composite.
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4 Cloud regimes in GISS Model E

The results of clustering simulated Model E CTP-TAU
histograms are shown in Fig. 12. GCM behavior is less
consistent from one run to another, but a set of four inde-
pendent regimes does emerge in 55% of the runs.
Compared to that of ISCCP (Fig. 1), the percentage of
cloud at 50-180 mb CTP is underestimated by Model E,
while there is too much low-level cloud, especially below
the 800 mb level, in all clusters. Euclidean distances
between the model and ISCCP regimes are given in
Table 2; in general the smallest distance for the disturbed
clusters (MC1, MC2) is slightly greater than the inherent
ISCCP cluster uncertainty estimated in Table 1, while that
for the suppressed clusters is considerably larger. The first
regime (MC1) most closely resembles the ISCCP deep
convection regime; it occurs most frequently in the ITCZ
and SPCZ, as observed (Fig. 13). The second regime
(MC2) is a mixture of high optically thin and thick clouds
with moderately thick low clouds. Its spatial distribution

Relative Humidity Anomoaly (%)

best matches that of C3, with concentrations in both the
ITCZ/SPCZ and tropical land areas, but its CTP-TAU
histogram is a better match for the ISCCP suppressed states
(Table 2). It is the most common model state, occurring
almost half the time. The three cloud types in MC2 occur
together in many locations but the optically thick high
cloud type is not always present.

The two model suppressed regimes (MC3, MC4) have
some similarity to those from ISCCP: an apparent shallow
cumulus regime (MC3 vs. C5 in Figs. 1 and 2), and an
apparent marine stratocumulus regime (MC4 vs. C6 in
Figs. 1 and 2). This resemblance is superficial, however.
The RFOs of the suppressed regimes are opposite from
those in ISCCP: the observed shallow convection regime is
much more frequent than stratocumulus, while their simu-
lated counterparts occur with nearly equal frequency.
Furthermore, the scattered cloudiness of ISCCP C5 and
more overcast conditions of C6, consistent with their
morphological identification, are not reproduced by the
model MC3 and MC4 regimes. Further analysis indicates
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Fig. 12 The mean CTP-TAU histograms of four clusters from
3-hourly GISS Model E ISCCP simulator output over the tropical
region of 15°N-15°S. Relative frequency of occurrence (RFO) and
total cloud cover (TCC) are given for each cluster

Table 2 Euclidean distance (%) between the mean CTP-TAU
histograms from the GISS GCM and those from ISCCP

GCM ISCCP
Cl1 C2 (6%) C4 C5 Co6
MC1 22.8 42.4 41.3 56.8 40.1 44.9

MC2 254 26.8 17.7 423 10.3 17.0
MC3 41.7 432 36.0 52.8 31.3 31.8
MC4 51.0 52.0 453 59.8 40.8 34.2

The numbers in boldface are the minimum distance for each model
cluster

that in the model there is no real distinction between these
two regimes in the physical processes behind them, as we
discuss later in this section.

Figure 14 shows the GCM vertical cloud distributions
for each regime in the gridboxes that contain Manus and
Nauru. Compared to ARSCL, which indicates almost uni-
form cloud fraction through most of the troposphere in
disturbed states, the GCM produces a distinctly bimodal
distribution, with little mid-level cloud. Thus, despite the
ISCCP mid-level cloud bias, the general impression of
deficient GCM mid-level clouds noted in previous studies
(Zhang et al. 2005) is in fact the case at least for this model.
We also created Hovmoller diagrams analogous to Fig. 9a
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Fig. 13 The corresponding geographic distribution maps of the
frequency of occurrence for each cluster in Fig. 12
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Fig. 14 GCM cloud fraction profiles for each Model E cluster at the
Manus (upper panel) and Nauru (lower panel) gridboxes. The left
panels represent the disturbed model regimes (MC1, MC2) and the
right panels the suppressed model states (MC3, MC4)

based on the model’s regime classification (Fig. 9b). These
show weak anomalies and a preference for westward
propagation of the deep convective cloud regime as
opposed to the observed dominance of eastward propa-
gating modes in the MJO. This property of the GISS GCM
has been previously documented and is a common problem
of current GCMs (Lin et al. 2006).

WTO07 applied the same clustering method to seven
GCMs and found the models to produce a range of 3-7
optimum number of clusters. The GISS GCM differs from
all the models analyzed in that paper, for both better and
worse. All GCMs in WTO7 produce an isolated cirrus
regime, but this is absent from GISS Model E. On the other
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hand, the shallow cumulus regime is either absent or pro-
duces mostly cirrus rather than low cloud in all the WTO07
models, while Model E simulates substantial (actually too
much) low cloud in this regime. Model E’s low cloud
optical depths are larger than those in ISCCP, as in the
WTO07 models, but WTO7 note that this is partly an ISCCP
bias due to subpixel fractional cloudiness. The “mid-level”
regime, which mixes several cloud types, is absent from all
models but one in WT07; Model E does produce something
like that regime but with less mid-level cloud than
observed and more high and low cloud instead.

The names given to the ISCCP regimes are evocative of
specific cloud dynamical processes though they are not
guaranteed to be causally related to these processes. In the
GCM we can easily check how processes contribute to
each regime, e.g. by examining the frequency of occur-
rence of shallow and deep convection and stratiform cloud
formation in each of its cloud regimes. We sampled the
model simulation at 30 min resolution for one January and
July; the resulting RFOs are shown in Fig. 15. As expected,
the two suppressed regimes (MC3 and MC4) contain more
(less) shallow (deep) convection than the two disturbed
convective regimes (MC1 and MC2) do. However, both
types of convection occur to some extent in all four model
regimes. The two disturbed convective regimes are almost
identical to each other, and the two suppressed regimes
likewise resemble each other. We also checked the distri-
bution of stratiform low cloud in each regime (not shown).
Stratiform low cloud occurs >90% of the time throughout
the GCM tropics; the cloud fraction is greatest over the
eastern oceans but is generally similar for the MC3 and
MC4 regimes. We therefore conclude that in Model E, the
association of clusters with specific physical mechanisms is
not reliable except for the obvious distinction between deep
and shallow processes.

100}
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Fig. 15 The relative frequency of occurrence of shallow and deep
convection in each Model E cloud regime based on one January and
July simulation

Finally, we repeated the clustering analysis with a pre-
vious version of the model that does not include the upward
transport of convective condensate. This model version
produces only three separate regimes, with the two dis-
turbed convective regimes (MC1 and MC2) combined
together (not shown). This indicates that pumping con-
densed water into the upper troposphere helps to better
define anvils and convectively generated cirrus as a state
distinct from its parent convection, a well-known feature of
the lifecycle of convective clusters (Futyan and Del Genio
2007). However this physics does not produce a separate
isolated cirrus mode, consistent with our finding (Fig. 10)
that the cirrus mode is independent of the convective
activity.

5 Summary and conclusions

Tropical cloud regimes defined by cluster analysis of
ISCCP CTP-TAU histograms are analyzed in this study to
determine their consistency with ARM active remote
sensing cloud profiles and their ability to distinguish
changes associated with intraseasonal variability. ARSCL
cloud-top profiles for each cloud regime indicate that the
differences among some of the regimes may not be as
prominent as suggested by ISCCP data at least at the ARM
TWP sites. Middle level cloud-tops do not dominate any
ISCCP cluster at the two ARM TWP sites, though a mid-
dle-level cloud regime does occur 11% of the time when
we cluster ARSCL profiles. For the deep convection
regime ISCCP and ARSCL tend to agree when convection
is deepest. Due to the limitations of its algorithm, ISCCP
may also wrongly estimate the occurrence of thin clouds in
its isolated cirrus regime. Comparisons between times
when ARSCL and ISCCP agree versus disagree suggest
that errors in the ISCCP histograms are ~5-20%
depending on regime. Adjusting the ISCCP histograms to
produce CTP profiles that agree with ARSCL eliminates
the formal independence of several regimes. This result is a
consequence of the almost ubiquitous presence of thin
cirrus at high levels in the tropical upper troposphere and
small optical thickness variations between clusters that
affect passive retrievals of CTP. However, this adjustment
is a preliminary estimate because it is applied uniformly to
each TAU category. Clustering of ARSCL cloud top height
profiles confirms that the ISCCP mid-level congestus and
thin cirrus clusters have almost identical cloud vertical
distributions, with small TAU differences affecting the
accuracy of the ISCCP CTP retrieval to different extents.

At the same time, because ISCCP sometimes sees
through thin high clouds and determines a cloud top that is
affected by lower level clouds that characteristically differ
from one environment to another, it nonetheless provides
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some information about six independent cloud regimes
despite its ambiguities. This is demonstrated by the pres-
ence of systematic changes in the frequency of occurrence
of each regime related to the evolution of the MJO. The
ISCCP regime evolution is consistent with the discharge—
recharge mechanism of the MJO (Bladé and Hartmann
1993): the mid-level congestus regime increases in occur-
rence relative to the shallow cumulus regime before the
peak phase of the MJO and then decreases afterward. Our
result is also consistent with the observed pre-conditioning
of mid-tropospheric moisture before the MJO peak and
drying afterward (e.g. Kiladis et al. 2005; Tian et al. 2006b;
Benedict and Randall 2007). But the ISCCP regimes sug-
gest that the idea of a transition from shallow to mid-level
to deep convection accounting for MJO onset is in reality
more complicated. All ISCCP regimes except stratocu-
mulus exist during all phases. MJO buildup, onset, and
decay are more properly described as subtle time changes
in the relative occurrence of each state, with the distribu-
tion of convective depths shifting gradually from more
shallow to more deep before deep convection finally breaks
out and dominates.

In summary the ISCCP CTP-TAU histograms are nei-
ther what they were intended to be (a distribution of highest
cloud top heights) nor what they are sometimes mistaken to
be (an actual vertical distribution of clouds), but are instead
a hybrid of both. Based strictly on highest top heights at the
TWP sites, we conclude that there are really no more than
two independent disturbed cloud regimes, differentiated
mostly by optical thickness, because high clouds are usu-
ally present but not always detected by ISCCP. But based
on the Hovmoller diagrams and MJO composites ISCCP
does see something that is systematic and dynamically
repeatable. This suggests that in a different sense its clas-
sification of three disturbed states is useful as an
(imperfect) indicator of second cloud layers at lower alti-
tude, where larger differences in cloudiness and cloud
properties actually occur. The general correspondence
between ISCCP and CloudSat cloud regimes (Zhang et al.
2007) supports this conclusion.

The GISS Model E GCM separates two convective
regimes from two suppressed states. The second convec-
tively disturbed regime combines features from several
ISCCP regimes. All model regimes contain spurious low
clouds, which is consistent with a previous study (Chen
et al. 2007). In particular, the model’s SPCZ region at
times is dominated by low clouds at its eastern end, unlike
that observed (Fig. 13). A simulation with a previous
version of Model E indicates that vertical convective
condensate transport is essential to producing a deep con-
vection regime that is separate from the other high clouds
that the convection generates. In this sense the model is
doing things in a physically realistic way. However the

@ Springer

model-data discrepancies indicate several possible avenues
for parameterization improvement. The GCM is deficient
in mid-level cloud relative to ARSCL. This suggests the
need for higher entrainment rates to make GCM convective
cloud tops more sensitive to environmental humidity (see,
e.g. Derbyshire et al. 2004). This may also be a factor in
the model’s inability to simulate MJO-like eastward
propagating disturbances. The absence of a GCM isolated
cirrus regime and its underprediction of very high cloud
tops in its disturbed regimes may point to a cirrus micro-
physics deficiency. The GCM allows for ice
supersaturation but reduces humidity to ice saturation once
cirrus form, which may suppress cirrus at later times.
Tompkins et al. (2007) suggest a promising approach to
this problem.

Model E appears at first glance to be somewhat more
successful than other GCMs in simulating the observed
suppressed low cloud regimes. However, this is more a
limitation of the approach of clustering cloud properties
than a true indication of the fidelity of model physics. The
model has no actual regime separation between shallow
convection and stratiform low cloud, nor does it differen-
tiate the more scattered versus more overcast cloudiness of
the two suppressed regimes. This may reflect a more funda-
mental problem with the simulation of boundary layer
clouds, since Model E uses a boundary layer scheme based
on dry conserved variables and may have neither sufficient
vertical resolution nor a sensitive enough treatment of
drizzle, all considered keys to the physics of boundary
layer clouds (Wood 2007). On the positive side, the GCM
does at least produce frequent shallow convection, which
many models do not. The apparent importance of shallow
cumulus to cloud feedback (Bony and Dufresne 2005)
suggests that optimizing this aspect of the model would be
a useful target for enhancing its predictive capability for
future climate changes.
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